Variations in mRNA levels and sources of metastin/kisspeptin, neurokinin B (NKB), dynorphin, and kisspeptin receptor GPR54 were examined in the ovaries of cycling rats. Kisspeptin and dynorphin mRNAs dramatically increased at 2000 h of the proestrous day. NKB mRNA also increased, but the peak was delayed by 6 h. GPR54 mRNA declined inversely with kisspeptin. Whole-ovary expressions of kisspeptin and dynorphin mRNAs, but not of NKB mRNA, were augmented by the administration of human chorionic gonadotropin (hCG). By means of laser-capture microdissection, kisspeptin mRNA was shown mostly in follicles at 2000 h of proestrus, whereas NKB and dynorphin were expressed mainly in interstitial tissues. GPR54 mRNA was detected equally in follicles, corpora lutea, and interstitial tissues. The hCG stimulated the follicular expression of kisspeptin and interstitial tissue expression of dynorphin mRNA. In primary cultures of granulosa cells prepared from equine chorionic gonadotropin-pretreated immature rats, hCG stimulated the expression of kisspeptin, dynorphin, and NKB mRNAs. Distortion of the corpus luteum and surrounding tissue borders was sometimes seen after intraovarian bursa administration of kisspeptin antagonist p234 for 3 days from proestrus. Progesterone production stimulated by hCG in granulosa cell culture was suppressed by p234. These data demonstrate that significant amounts of kisspeptin are synthesized in granulosa cells and dynorphin in interstitial tissues, in response to the proestrous luteinizing hormone surge, whereas granulosa cells also contain dynorphin and NKB, suggesting at least a role for kisspeptin in the luteinization of granulosa cells.
INTRODUCTION
Metastin/kisspeptin is a product of the KISS-1 antimetastatic gene [1] . The expression of KISS-1 has been shown to suppress the metastasis of melanoma and mammary carcinoma [2, 3] . The gene product of KISS-1 was originally found to be a ligand of the orphan receptor GPR54 [1] . The suppressive influence of kisspeptin on metastasis has also been shown in lung [4] , stomach [5] , and other cancers [6, 7] . It has also been demonstrated that kisspeptin is involved in insulin secretion [8] , aldosterone production [9] , and implantation [10] . The finding with the most impact has been the principal role of GPR54 in reproduction. Loss-of-function mutations of GPR54 in humans have been shown to accompany hypogonadotrophic hypogonadism [11] . Hypothalamic kisspeptin has been found to stimulate the preovulatory luteinizing hormone (LH) surge through the augmentation of gonadotropinreleasing hormone (GnRH) neuron secretion at the median eminence [12] . Kisspeptin-secreting neurons of the anteroventral periventricular nucleus and the arcuate nucleus are thought to be responsible for LH surges and pulses, respectively [7] . It is not clear, so far, whether this pro-LH secretion function and the anti-metastatic action of kisspeptin originate from the same cellular mechanism. Cell biological studies are needed to clarify the diverse actions of kisspeptin.
Kisspeptin is also expressed in other peripheral tissues, including the ovaries [2, 7] . Changes in the expression of kisspeptin and GPR54 in the ovary have been demonstrated to occur with physiological changes in that organ in humans, hamsters, and rats [13] [14] [15] . Immunohistochemical studies have shown that kisspeptin is distributed in theca, granulosa, luteal, and interstitial cells of human, marmoset, hamster, and rat ovaries [13] [14] [15] . It has been revealed by semiquantitative realtime PCR that kisspeptin mRNA is increased in the ovary during the afternoon of the proestrous day, and that human chorionic gonadotropin (hCG) stimulates the expression of kisspeptin mRNA in rats [15] . These results indicate a role for localized kisspeptin in ovulation. Because polycystic ovary syndrome has been reported to accompany high plasma levels of kisspeptin [16] , it may have a relationship to pathological conditions. Nevertheless, the regulating mechanism of synthesis, the source cells, and the function of ovarian kisspeptin are not known.
Kisspeptin neurons also contain neurokinin B (NKB) and dynorphin at the arcuate nucleus of the hypothalamus, and are called KNDy neurons there [17] . NKB has been shown to play a crucial role in the feedback control of GnRH release, and loss-offunction of NKB results in reproductive failure [18] . Tachykinins, including NKB, are also expressed in the ovary [19] . It is therefore of interest whether cells that express kisspeptin also express NKB in the ovary. Dynorphin is an endogenous opioid peptide and a ligand of the kappa opioid receptor. Functions for dynorphin have been demonstrated mainly in the central nervous system. It is therefore also of interest whether dynorphin is expressed in the ovary and whether there is a relationship between dynorphin and kisspeptin there.
In the present study, we examined detailed changes in gene expressions of kisspeptin and related peptides in the ovary during the estrous cycle of rats. We determined the ovarian component that synthesizes kisspeptin, dynorphin, NKB, and GPR54 by means of laser-capture microdissection (LMD). Because dynamic cell changes, including division, differentiation, and degeneration, occur in the ovary during the estrous cycle, the ovary is a good model for studying the general action of kisspeptin. We therefore studied the relevance of kisspeptin to the differentiation of granulosa cells into luteal cells and to steroid production.
MATERIALS AND METHODS

Animals
Female Wistar Imamichi rats bred in our vivarium were used. They were kept at 238C 6 38C with a light-dark cycle of 14L:10D (lights on 0500-1900 h). Food (laboratory chow, CE-2; Oriental Co., Tokyo, Japan) and tap water were supplied ad libitum. Vaginal smears were examined daily, and only rats showing at least two regular 4-day estrous cycles were used. All experiments were performed according to the guidelines for animal experiments of Kitasato University, following the guidelines of the National Institutes of Health, and the experimental protocol was approved by the animal-experiment committee.
Materials
Trizol and Ultra Pure DNase/Rnase-Free Distilled Water were obtained from Invitrogen (Grand Island, NY). RNeasy kits were purchased from Qiagen (Valencia, CA). High-Capacity cDNA Reverse Transcription kits and Power SYBR Green PCR Master Mix were obtained from Applied Biosystems (Warrington, U.K.). Dulbecco modified Eagle medium (DMEM):F-12 (1:1), HEPES, and Antibiotic-Antimycotic were obtained from Gibco by Life Technologies (Grand Island, NY). Iwaki brand 24-well plates for cell culture were from Asahi Glass Co. Ltd. (Tokyo, Japan). Kisspeptin antagonist p234 was purchased from Phoenix Pharmaceuticals Inc. (Burlingame, CA). The 96-well assay plates were obtained from Thermo Scientific (Roskilde, Denmark) and DELFIA Enhancement Solution from PerkinElmer Wallac (Turku, Finland). Optimum cutting temperature (O.C.T.) compound was obtained from Sakura (Tokyo, Japan). Osmotic minipumps (Alzet micro-osmotic pump model 1003D) were purchased from Durect Corp. 
RNA Extraction and Transcription to cDNA
Estrous cycling rats were euthanized by decapitation, and ovaries were dissected and snap frozen with liquid nitrogen. RNA was extracted from the ovaries with Trizol or an RNeasy Mini Kit. RNA samples were dissolved in Ultra Pure DNase/Rnase-Free Distilled Water at 500 ng/ll and subjected to reverse transcription with High-Capacity cDNA Reverse Transcription kits using a Veriti Thermal cycler (Applied Biosystems). Briefly, 5 ll of RNA (500 ng/ll) was mixed with 2.5 ll of 103 RT Random Primers, 2.5 ll of 103 RT Buffer, 1.0 ll of 253 dNTP Mix (100 lM), 1.25 ll of MultiScribe Reverse Transcriptase (50 U/ll), and 12.75 ll of distilled water: final volume, 25 ll. Reverse transcription was performed at 258C for 10 min, 378C for 120 min, and 858C for 5 sec, followed by immediate cooling. Samples were either used directly for real-time PCR or stored at À308C until the assay. Five rats were used for each sampling time. The effect of hCG on ovarian expression of kisspeptin, dynorphin, and NKB mRNAs was examined. Rats were given hCG i.v. (0, 0.1, 1, and 10 IU per rat) at 1400 h on Diestrous Day 2. Ovary samples (n ¼ 5) were obtained at 3 h after hCG or saline administration. RNA samples were subjected to quantitative real-time PCR.
Quantitative Real-Time PCR Quantitative real-time PCR was performed with the StepOnePlus Real-time PCR system (Applied Biosystems). The reaction mixture constituted 1 ll of cDNA solution obtained as described above, 0.06 ll (50 mM) of forward and reverse primers, 5 ll of Power SYBR Green PCR Master Mix, and 3.88 ll of distilled water: final volume, 10 ll. Quantitative real-time PCR was performed with 50 cycles at 958C for 15 sec and 608C for 1 min, then one cycle at 958C for 10 min to obtain a melting curve. Each CT measure was divided by that of ribosomal protein L19 (RPL 19) as a control, and fold expression was calculated using the DDCT method. Primers for the amplification of partial cDNA sequences of kisspeptin, GPR54, NKB, dynorphin, and RPL 19 are shown in Table 1 .
Laser-Capture Microdissection
Laser-capture microdissection was used to collect corpus luteum, follicle, and interstitial tissues separately from ovary sections as per the standard procedure provided by the manufacturer (Leica). Ovaries were taken from rats at 2000 h of the proestrous day (n ¼ 5; 10 ovaries) and also at 1700 h of Diestrous Day 2 from rats administered hCG (10 IU) 3 h before at 1400 h (n ¼ 4; 8 ovaries). Briefly, rats were killed by decapitation and their ovaries were embedded in O.C.T. compound, frozen in liquid nitrogen, and stored at À808C until sectioning for LMD. Approximately 30 frozen sections of 10-lm thickness were made from each ovary using a cryostat and were mounted on membrane slides. The sections were fixed with 5% acetic acid/100% ethanol for 3 min and then washed with distilled water. Then the sections were stained with 0.05% toluidine blue solution for 1 min and washed with distilled water. The stained sections were washed with 70% ethanol for 5-10 sec and then dried.
The dissected tissues (50-200 cutouts per ovary) were collected into tube caps filled with an appropriate volume of buffer RLT (RNeasy kit). The tube caps were applied to their tubes, and the dissected tissues were collected into the tubes by brief centrifugation and transferred into Eppendorf tubes containing 350 ll of buffer RLT. All three compartments were collected by LMD. Total RNA was extracted with an RNeasy kit and treated with DNase according to the protocol supplied by the manufacturer. RNA was reverse transcribed and either used directly for real-time PCR or stored at À308C until being used for the assay as previously described.
Local Administration of Kisspeptin Antagonist p234 to Ovarian Tissues
Kisspeptin antagonist p234 dissolved in 0.9% NaCl (1 nmol per 24 ll) was continuously infused into the hemilateral ovarian bursa by an osmotic minipump (1.0 ll/h delivery rate) with polyethylene tubing for 3 days from the morning (1000 h) of proestrus according to the manufacturer's protocol (Alzet). The contralateral ovary was infused with an equal volume of 0.9% NaCl as a control. Ovaries of both sides were collected 3 days later (1000 h). Ovarian tissues were subjected to morphological examination with hematoxylin and eosin staining.
Tissue Preparation
Rats were deeply anesthetized with ether. Phosphate-buffered saline (0.1 M PBS, pH 7.4, 50-100 ml) was infused through the left ventricle after cutting off the right atrium auricle. Then it was changed to 50-100 ml of 4% PFA (paraformaldehyde, 0.1 M PBS). The ovaries were further fixed in 4% PFA overnight at 48C. The tissue was then soaked in PBS for another night at 48C. Dehydration and paraffin embedding were performed per standard procedures. Ovary sections were cut to 3-lm thickness and dried in an incubator at 378C overnight. This protocol was previously confirmed to yield good specimens [20] .
Primary Granulosa Cell Cultures
Granulosa cells were prepared by previously reported protocols [21] . Briefly, eCG (15 IU per 150 ll) was given subcutaneously at age 25 days. Rats were killed 48 h later by cervical dislocation under ether anesthesia. Ovaries were excised under aseptic conditions and placed in sterile growth medium (DMEM:F-12 [1:1] containing 10 mM HEPES, 1% AntibioticAntimycotic [1003] , and 10% fetal bovine serum). Medium-and large-sized antral follicles were punctured with a 26-gauge needle to release granulosa cells. Four to five rats were used for one preparation. Granulosa cells were pelleted, resuspended in growth medium, and plated in 24-well plates at approximately 5 3 10 5 viable cells per well, and then incubated at 378C, 5% CO 2 /95% air for an additional 24 h before the experiments. Four wells were treated as one experimental group.
Expression levels of kisspeptin, dynorphin, and NKB mRNAs in ovarian granulosa cells were studied after a 3-h incubation with hCG (0, 0.001, 0.003, 0.01, 0.03, and 0.1 IU/ml). Cells were also treated for 3 h with various doses of hCG (0, 0.001, 0.01, and 0.1 IU/ml) with or without the kisspeptin antagonist p234 (0, 0.1, and 1 lM). At the end of incubation, conditioned medium was collected and stored at À808C until it was assayed for progesterone content.
Time-Resolved Immunofluorescent Assay of Progesterone
Progesterone levels in the medium were measured by time-resolved immunofluorescent assay as reported previously [22] . Progesterone was extracted from medium with hexane, dried, and dissolved into an appropriate volume of assay buffer (50 mM Tris-HCl buffered saline, 0.5% BSA, 0.05% bovine gamma globulin, 0.01% Tween 20, 20 mM diethylene triamine pentaacetic acid, phenol red 15 mg/L, and 0.05% NaN 3 , pH 7.8). Bovine serum albumin-conjugated progesterone was diluted with coating buffer (50 mM K 2 HPO 4 -buffered saline, 0.05% NaN 3 ) to 3 lg/ml, and 100 ll of the solution was added to each well of a 96-well assay plate. The plate was shaken at room temperature overnight and washed three times. Then, 200 ll of blocking buffer (50 mM Na 2 HPO 4 , 0.1% BSA) was added to each well, and the plate was shaken overnight at 48C and washed three times. Antiprogesterone immunoglobulin G (IgG) was prepared from homemade antiprogesterone rabbit serum with a Protein G HP Spin Trap. The IgG was labeled with europium by means of a DELFIA Eu-Labeling Kit. Progesterone standards and medium samples were incubated with Eu-labeled antiprogesterone IgG in BSA-conjugated progesterone-coated 96-well plates, shaken overnight at 48C, and washed six times. The plates were then rinsed off, and fluorescence was measured after addition of DELFIA Enhancement Solution.
Statistics
Multiple comparisons of differences between mean values were analyzed by Tukey test after ANOVA, and single comparisons were analyzed by Student t-test. P , 0.05 was considered to be significant.
RESULTS
Changes in Expression of Ovarian Kisspeptin, Dynorphin, NKB, and GPR54 mRNA During the Estrous Cycle of Rats There was only one steep peak in ovarian kisspeptin mRNA expression during the afternoon of the proestrous day. It dramatically increased from 1700 h of proestrus and reached a peak at 2000 h (Fig. 1A) . Then it quickly declined to the base level until 2300 h. There was no obvious fluctuation in kisspeptin mRNA expression during the estrous cycle other than this proestrous increase. Dynorphin mRNA expression showed a pattern similar to that of kisspeptin (Fig.  1B) . NKB mRNA expression was also increased, accompanying that of kisspeptin and dynorphin, but its peak was delayed 6 h until 0200 h of estrus, and the high expression rate lasted longer (Fig. 1C) . GPR54 mRNA expression started FIG. 1. Real-time PCR quantification of kisspeptin, dynorphin, NKB, and GPR54 mRNA levels in the ovary during the estrous cycle of rats. Total ovarian RNA was harvested from estrous cycling rats at 1100 h and 1700 h of Diestrous Day 1 (D1); 1100 h, 1700 h, 2000 h, 2300 h, and 0500 h of Diestrous Day 2 (D2); 1100 h, 1400 h, 1700 h, 2000 h, 2300 h, and 0200 h of the proestrous day (P); and 1100 h and 1700 h of the estrous day (E). Relative expression levels are shown for kisspeptin (A), dynorphin (B), NKB (C), and GPR54 (D) mRNAs. Each experimental group consisted of five rats. Asterisks indicate peak values and values not significantly different from the peak value (peak values are significantly different from values without asterisks, P , 0.05). (Fig. 1D) . It decreased inversely to the increase of kisspeptin mRNA expression at 1700 h and then increased until midnight.
GRANULOSA CELL SPECIFIC EXPRESSION OF
Because the increase in kisspeptin, dynorphin, and NKB mRNAs seemed to be stimulated by the LH surge, the effect of hCG on the mRNA expression of kisspeptin, dynorphin, and NKB was studied. Administration of hCG significantly stimulated the ovarian expression of kisspeptin ( Fig. 2A) and dynorphin (Fig. 2B) mRNAs, but not that of NKB mRNA (Fig.  2C) . We also found that pentobarbital or a GnRH antagonist (cetrorelix; 1 lg/100 g body weight) given at noon of the proestrus day-both of which were expected to suppress the LH surge-extinguished the increase of kisspeptin mRNA expression (data not shown).
Ovarian Components Expressing Kisspeptin, Dynorphin, NKB, and GPR54 mRNAs Kisspeptin, dynorphin, and NKB mRNA expression levels in corpus luteum, follicle, and interstitial tissue sections were examined with ovaries obtained at 2000 h of proestrus by LMD (Fig. 3, E and F) . Kisspeptin mRNA was shown to be synthesized almost solely in the follicles (Fig. 3A) , whereas dynorphin and NKB mRNAs were detected mainly in interstitial tissues (Fig. 3, B and C) . The expression level of kisspeptin mRNA was unaffected by shifting the cutting line of LMD to exclude the theca layer (data not shown). There were no significant differences in the expression of GPR54 mRNA among the corpora lutea, follicles, or interstitial tissues (Fig. 3D) .
The effects of hCG on the expression levels of kisspeptin, dynorphin, and NKB mRNAs in each ovarian compartment were examined. Ovaries were collected 3 h after the administration of hCG (10 IU) at 1400 h on Diestrous Day 2 and were subjected to LMD. Expressions of follicular kisspeptin and interstitial dynorphin mRNAs were dramatically increased by hCG administration (Fig. 4, A and B) . Follicular dynorphin and NKB mRNA levels were both very low but showed a tendency to increase by hCG administration. Relative mRNA levels of NKB in the interstitial tissues were not changed by hCG, and the mRNA levels of both the saline and hCG groups were significantly higher than those of other groups (Fig. 4C ).
Primary Cultures of Granulosa Cells
To examine the direct effect of hCG on kisspeptin expression, we established primary cultures of granulosa cells. Granulosa cells obtained from eCG-primed immature rats were shown to synthesize significant amounts of kisspeptin and dynorphin mRNAs in response to hCG (Fig. 5, A and B) . Kisspeptin and dynorphin mRNA levels were stimulated by hCG in a dose-related manner. NKB mRNA expression was also stimulated by hCG, but the extent was less than those of kisspeptin and dynorphin (Fig. 5C ).
Effects of Kisspeptin Antagonist p234
To examine the effect of kisspeptin on ovarian morphology, we observed ovarian tissues 3 days after local administration of the kisspeptin antagonist p234 by means of an osmotic minipump. The antagonist was given directly into the hemilateral ovarian bursa from 1000 h of proestrus. Saline was given to the other ovary of the same animal. We found that the borders of the corpus luteum frequently merged with the interstitial tissues or another corpus luteum in ovaries given p234 (Fig. 6) .
Granulosa cells were shown to synthesize progesterone by 3 h of incubation with hCG in a dose-related manner.
Simultaneous administration of p234 suppressed the progesterone production that was stimulated by hCG (Fig. 7) . The administration of p234 did not affect basal progesterone production.
DISCUSSION
The present study clearly demonstrates that kisspeptin mRNA expression in the ovary occurs in granulosa cells and 
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FIG. 3.
Comparison of expression levels of kisspeptin, dynorphin, NKB, and GPR54 among follicles, corpus luteum, and interstitial tissues. Ovaries were taken at 2000 h of the proestrous day and subjected to LMD to collect sections of corpus luteum (CL), follicles (Fol), and interstitial tissues (Int). Ten ovaries from five rats were used. RNA was extracted from each tissue, and the expression levels of each mRNA were measured by real-time PCR (A-D). Measurements from five rats were averaged. Examples of LMD sectioning are shown in E and F. Asterisks indicate significant differences from the other tissues, P , 0.05. KISSPEPTIN FIG. 4 . The effect of hCG on the expression levels of kisspeptin, dynorphin, and NKB in ovarian compartments. Human chorionic gonadotropin (10 IU) was given i.v. at 1400 h of Diestrous Day 2, and the ovaries were harvested 3 h later. The ovaries were subjected to LMD to obtain corpus luteum (CL), follicles (Fol), and interstitial tissues (Int). Eight ovaries from four rats were subjected to LMD. RNA was extracted, and expression levels of each mRNA were measured (A-C). Measurements from four rats were averaged. Asterisks indicate significant differences from the other tissues, P , 0.05. is well regulated by the proestrous LH surge in rats. We increased the number of sampling time points significantly in this study and demonstrated that the augmentation of kisspeptin is a well-regulated, time-specific change. Pentobarbital or the GnRH antagonist given at noon of the proestrous day, both of which were expected to inhibit the proestrous LH surge, negated the increase of kisspeptin mRNA at 2000 h, as expected. Castellano et al. [15] have already reported that hCG stimulates kisspeptin expression in the ovaries of GnRH antagonist-treated proestrous rats. We confirmed their observation and clarified that solely the follicles, especially the granulosa layer, among the ovarian compartments respond to hCG. Because LH receptor expression has been confirmed in the granulosa cells on the proestrous day [23] , and hCG stimulated kisspeptin expression in primary cultures of granulosa cells in this study, we believe that the LH surge stimulates kisspeptin synthesis directly through LH receptors in granulosa cells. There are additional reports indicating the expression of kisspeptin in granulosa cells [14, 24] . Recently, kisspeptin in granulosa cells has been postulated to be important for the integrity of ovarian follicles [25, 26] .
GRANULOSA CELL SPECIFIC EXPRESSION OF
The increase in kisspeptin mRNA expression accompanied the augmentation of the mRNA expressions of related peptides, dynorphin and NKB, in the late afternoon of the proestrous day. The hCG administered to diestrous rats stimulated the whole-ovary expressions of kisspeptin and dynorphin mRNAs. The results were further confirmed with LMD showing that kisspeptin mRNA was increased in the follicles and dynorphin mRNA was augmented in the interstitial tissues by hCG. Hence, this is the first report showing a well-regulated acceleration of kisspeptin and dynorphin mRNA expression in follicles and interstitial tissues, respectively, by the LH surge in the ovaries of cycling rats. On the other hand, the increase of NKB mRNA expression in the evening of proestrus seems to have been caused also by the LH surge, but unknown conditions in addition to the LH surge must be necessary for the increase of NKB mRNA, even though the granulosa cell expression of NKB was slightly stimulated by hCG in vitro. 
GRANULOSA CELL SPECIFIC EXPRESSION OF KISSPEPTIN
Human chorionic gonadotropin did not stimulate the expression of NKB in vivo, and the peak of NKB mRNA expression was delayed for 6 h after that of kisspeptin and dynorphin; the values were not significantly different from those at 0200 h and continued until the afternoon of estrus. GPR54 mRNA declined from 1400 h of proestrus inversely to the increase of kisspeptin mRNA expression, and then increased after the augmentation of kisspeptin expression stopped. This may be related to the significant augmentation of kisspeptin synthesis and probably its release.
We employed LMD to clarify the source of kisspeptin and other peptides in the ovaries. The LMD analysis clearly demonstrated that kisspeptin is synthesized solely in the follicles. In primary cultures of granulosa cells, substantial expression of kisspeptin mRNA was shown, and it was stimulated by hCG. The main source of kisspeptin in the ovaries is therefore the granulosa cells. Immunohistochemical studies by others have shown the distribution of kisspeptin mainly in the theca layer and interstitial tissues [13] [14] [15] . We obtained similar results showing that the immunoreactivity of kisspeptin was higher in the theca and interstitial tissues than in granulosa cells (data not shown). Although we do not yet know the reason for the discordance in the distribution of the immunoreactivity and mRNA of kisspeptin, we assume at least that kisspeptin can be supplied by granulosa cells to other compartments of the ovary. Because the vascular system is not developed in the granulosa layer, kisspeptin may diffuse to outer tissues similarly to inhibin [27] .
It has been demonstrated at the arcuate nucleus of the hypothalamus that kisspeptin, dynorphin, and NKB coexist in the same neurons in rats and sheep [19, 28] . The present results clearly demonstrated that this also takes place in the granulosa cells, even though dynorphin and NKB are synthesized mainly in the interstitial tissues rather than the follicles. A substantial contribution to total ovarian dynorphin synthesis is thus attained by the interstitial tissues. There was no difference among corpus luteum, follicles, and interstitial tissues regarding the expression of GPR54 mRNA. Kisspeptin should thus work on these tissues simultaneously, at least at 2000 h of proestrus.
Dynorphin is an endogenous opioid peptide, and NKB is a member of the tachykinins. Dynorphin and NKB have been shown to coexist at a part of the kisspeptin neurons in the arcuate nucleus [29] . Although a dynorphin knockout showed no effect on breeding [30] , loss-of-function mutations of NKB or its receptor in humans have been shown to result in hypogonadotropic hypogonadism [18] . Yan et al. [31] found that about half of NKB receptor-null female mice had no detectable corpora lutea on ovarian histology. The present study also suggests that the ovary could be another site of function for NKB. The expression of these neuropeptides in the ovary has been reported previously [19, 32] , and this is the first report to reveal significant fluctuations during the estrous cycle, with a dramatic increase after the LH surge. The time course of these increases suggests a relationship between these peptides and ovulation. The functions of NKB and dynorphin in the ovary require clarification and are now under investigation in our laboratory.
Hemilateral administration of kisspeptin antagonist p234 into the ovarian bursa for 3 days from the morning of the proestrous day induced morphological changes in the corpus luteum. Marginal distortion was sometimes seen between the corpus luteum and interstitial tissues. This change was not seen in the contralateral ovary given the same volume of saline. However, the change was not induced consistently. This is probably due to the method for the administration of p234. We used an osmotic minipump with a polyethylene cannula inserted into the ovarian bursa. It was very difficult to maintain the tip of the pump at the same position in the bursa. The position of the tip in the bursa could therefore affect the efficacy of p234 administration and cause inconsistent results. It appeared that the outer layer of the corpus luteum was not well formed in ovaries treated with p234. Kisspeptin receptor haploinsufficient mice have morphological changes in the ovaries in which an interstitial tissue of luteal-like appearance is observed [26] . Our present observation supports the hypothesis put forth by others that kisspeptin of granulosa cells is necessary for the integrity of ovarian structure [25, 26] .
KISS-1 was first discovered as an antimetastatic gene, and the gene product kisspeptin was found to suppress the metastasis of melanoma and mammary tumor cells [2, 3] . Our findings suggest that kisspeptin is involved in tissue remodeling during the luteinization after ovulation. We do not yet know the physiological implications of this observation, but we hypothesize that kisspeptin is at least physiologically involved in the formation of the corpus luteum. Luteinization has been explained as the transformation of granulosa cells to luteal cells by the exit of the cell cycle [33] . Kisspeptin is thus postulated to have a role in the regulation of the cell cycle of granulosa cells.
Also shown to inhibit progesterone production stimulated by hCG in a dose-related manner was p234. We established primary cultures of granulosa cells from eCG-primed immature rats in this study. Given that hCG is thought to mimic the LH surge of proestrus at least in part, this suggests that kisspeptin works during the luteinization of granulosa cells. During culture with hCG, the granulosa cells produced progesterone in a dose-related manner, and this effect was suppressed by p234 in a dose-related manner. This result suggests that metastin mediates the action of hCG on progesterone production, at least partly. Kisspeptin synthesized after the LH surge would therefore precede functional and/or morphological luteinization. Kisspeptin has been shown to stimulate progesterone production in rat luteal cells [34] . Although the experimental conditions in that study were different from ours, the results also suggest the direct action of kisspeptin on luteal cells through MAPK [34] . When p234 is continuously provided to the ovarian bursa of immature rats, the vaginal opening is delayed [24] , suggesting the direct action of kisspeptin in the ovary. It has been shown that female rats fed a high-fat diet have disrupted estrous cycles, with a significant reduction of ovarian expression of kisspeptin and GPR54, again suggesting local functioning of kisspeptin [35] .
In summary, the present data demonstrated for the first time that kisspeptin is synthesized in the granulosa cells under the control of LH. The synthesis was increased dramatically by the preovulatory LH surge. Dynorphin and NKB mRNA expressions were augmented simultaneously with kisspeptin. These closely related peptides, which are found in the arcuate nucleus, reveal a tight relationship also in the ovary, but the source of kisspeptin is the granulosa cells, whereas NKB and dynorphin are mainly synthesized in the interstitial tissues. Our results suggest that kisspeptin plays a crucial role in the differentiation of granulosa cells during luteinization.
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